We present the results of spectroscopic and polarization studies of dilute rubidium vapor exposed to a single-frequency linearly polarized diode laser radiation in a spectral range of atomic D 2 line. We report the origin of a circularly polarized radiation on V-type transitions of 87 Rb F = 2 −→ F = 3 and 85 Rb F = 3 −→ F = 4, and amplification of this radiation in backward direction caused by a partial population inversion among magnetic sublevels of the ground and excited levels. This is confirmed experimentally by high directivity of backward radiation, absence in its spectrum of 85 Rb F = 2 −→ F = 1 (Λ-type) radiation, as well as by different nature of intensity dependences of backward and fluorescence radiations.
Introduction
Appearance of tunable lasers with narrow spectral linewidth (< 50 MHz) favoured rapid development of laser spectroscopy of dilute atomic gases (vapor), allowing to study processes, which connect levels of hyperfine structure of atoms. Among others, new impact have received the studies of magneto-optical and polarization phenomena where the structure of magnetic sublevels of involved hyperfine states play an essential role. The use of polarization-sensitive methods allowed the study of processes connected with modification of dispersion (birefringence) and absorption (dichroism) properties of an atomic medium.
The resonant interaction of a narrow-band laser radiation with hyperfine structure of atomic levels (in particular, for the case of alkali metal vapor) leads to substantial redistribution of initial populations of individual sublevels (optical pumping) [1] . As a result of such redistribution in the case when resonant radiation acts on particular hyperfine transition at zero magnetic field, the following particular processes can take place.
1. "Optical depopulation pumping", when the atom absorbing the laser radiation is driven to excited state with possible consequent transition to another hyperfine sublevel of the ground state, which does not interact with the laser radiation. Therefore, under sufficiently high laser intensity only those transitions predominantly contribute to the steady-state spectral response of the atom, which are not affected by this effect according to selection rules (so called "cycling transitions").
2. Population redistribution of magnetic sublevels caused by multiple cycles of absorption and spontaneous emission, which brings, at a zero B-field, to substantial steady-state changes in initial uniform populations of ground state magnetic sublevels, and also builds up a non-uniform population of magnetic sublevels of the excited state. This leads to appearance of polarization features in resonant absorption and fluorescence signals, and also may result in onset of partial population inversion and subsequent radiation amplification.
The aim of present work was to confirm experimentally the effect of radiation amplification arisen in atomic rubidium vapor due to partial population inversion established among magnetic sublevels realized under the influence of an intense linearly-polarized laser radiation on a "V-type" cycling atomic system. We also consider the influence of accompanying processes.
Redistribution of population of magnetic sublevels and partial population inversion
The problem of steady state population redistribution among magnetic sublevels of fine or hyperfine V-type systems induced by intense linearly, circularly, or elliptically polarized excitation has been addressed starting from the 80-s in several theoretical papers [2] [3] [4] [5] . These calculations show that the redistribution of populations of magnetic sublevels caused by sufficiently long action of an intense linearly-polarized laser radiation on atomic medium with V-type system of magnetic sublevels (transition from ground the state F = F to the excited state F = F + 1), after multiple cycles of absorption and spontaneous emission among different magnetic sublevels ("Zeeman pumping") leads to redistribution of population towards magnetic sublevels with small | F | values and tends to equalize the populations of particular ground and excited-state sublevels linked by linearly-polarized radiation.
Steady-state analytical solutions of the density matrix equations for F = F → F = F + 1 transitions in the case of excitation with linearly-polarized light and no external magnetic field are given in [4] . From that work, we take the following expressions for the population of excited ( ) and ground ( ) states -levels:
and
where both parameters
depend on saturation parameter S defined by
Here δ is the detuning from the resonance including the Doppler shift, Γ is the rate of radiative decay, and
is effective Rabi frequency, with the reduced matrix element of the transition dipole moment.
Excitation in the limit of saturation tends to equalize the population in the ground state and electronically excited state when averaged over the degenerate quantum states. However, the analysis of Equations (1)- (5) shows that strong optical pumping does allow establishment of inversion between specific -states in the ground and electronically excited state. The population inversion may occur between the quantum states linked by circularly polarized light:
. The prelim-inary qualitative consideration for Cs D 2 line have been presented in [6] . Fig. 1 illustrates the dependence of the steady state population on S parameter for all the ground state As one can see from Fig. 1 , intense field pumping equalizes populations within pairs of the ground and excited-state sublevels of the same F , simultaneously driving the population preferentially to small | F | sublevels. As a consequence, population inversion is established between | F | = and F = +1 magnetic sublevels of hyperfine states coupled by σ ± symmetric transitions as S increases, as is also mentioned in [3] . The dependence of the steady state positive population difference for these transitions on saturation parameter S is shown in Fig. 2 . This "partial" population inversion originated by an intense linearly (π) polarized radiation may cause a gain, which can be revealed with discrimination of incident radiation polarization. Qualitatively similar result should be observed also for other atomic systems of V-type, in particular for cycling transitions of cesium D 2 line: The onset of sufficient inversion on some transitions between magnetic sublevels can cause amplification of spontaneously emitted photons with the frequency coinciding with laser radiation frequency, but with different (σ + /σ − ) polarization. Once gain occurs, the density of atoms in a vapor cell can be high enough to support the amplification of spontaneous radiation. Such an amplification will only occur within the spatial profile of the incoming laser beam. It would allow the buildup of a sufficiently strong radiation field directed along the laser beam, both in forward and backward directions. Note that this "partial" population inversion can effectively develop only for the "cycling" atomic transitions, since in the case when transition to another hyperfine level of a ground state is allowed according to selection rules ("open" transitions), the atom can easily move out the interaction cycle because of optical depopulation pumping. A similar analysis for a "Λ-type" atomic system (transition from ground the state F = F to the excited state F = F − 1) can be done using the exact steady-state solution for the F = F → F = F − 1 transition [7] . In this case, the absorption/emission cycles for a linearly-polarized excitation drive the magnetic sublevels population to the maximum | F | states, which are uncoupled from linearly polarized radiation. Moreover, additional complication is imposed by coherent population trapping, which does occur for a zero B-field preventing any amplification. In this case a non-zero magnetic field is required to introduce some Larmor coupling among magnetic sublevels, driving the system out of the trapping regime.
Measurement technique and experimental arrangement
The population inversion discussed in the previous section can result in some amplification of the seed radiation. Nevertheless, direct observation of such an amplification is a challenging task for several reasons. First, the amplified radiation is not frequency-resolved from the resonant exciting laser radiation, which is much stronger, and can cause substantial background. Second, the inversion is "partial" but not overall for integral population of ground and excited states; the amplified radiation can be absorbed while propagating through the same atomic ensemble. In [3] it was proposed to apply magnetic field along the laser polarization which will draw apart magnetic sublevels thus separating absorption and emission channels. But we should note that this measure could be efficient only if the system is already prepared in the steady state (otherwise strong enough B-field would prevent development of needed stationary regime). Also, the radiation originated from a particular atom can easily get absorbed by other atoms with Doppler-shifted transitions. In the frame of this paper, we did not consider theoretically the problem of propagation. Third, other processes resulting in modification of initial polarization can take place in the relevant experimental conditions. In particular, nonlinear Faraday rotation [8] can produce a strong signal if the ambient laboratory B-field is not carefully compensated. Anyway, for the straightforward observation of amplification it is intuitive to use an optical system with the possibility of polarization discrimination of the recorded signal. The experiment was done on atomic vapor of natural rubidium. The scheme of involved energy levels and transitions of hyperfine structure for atomic D 2 line is shown in Fig. 3 for both 85 Rb and 87 Rb isotopes.
The experimental arrangement is presented in Fig. 4 . A single-frequency cw extended cavity diode laser ECDL-7850R (Atrix Management S.A.) with 20 mW radiation power, 1 MHz linewidth, and 2 mm beam diameter was used to excite rubidium vapor. The laser radiation wavelength was tunable across all the hyperfine transitions of atomic D 2 line of rubidium (5S 1/2 −→ 5P 3/2 transition, λ = 780 nm). Optical isolator was used to avoid the influence of reflected beams on the laser mode structure. The linearly-polarized radiation emerging from the optical isolator was directed into the 13 cm-long glass cell containing rubidium vapor (natural isotopic abundance: 72% of 85 Rb and 28% of 87 Rb). The cell was placed at the center of a three-axis Helmholtz coil system, which allowed to compensate the laboratory magnetic field to the 1 µT level, as well as to apply up to ±6 mT longitudinal B-field (the B-field was measured by a FLUXMASTER magnetometer with 1 nT sensitivity). The vapor cell was kept at the room temperature (typically 18°C), which corresponds to 5 × 10 9 cm −3 atomic number density. A fraction of laser radiation was directed by a beam splitter to an auxiliary saturated absorption setup with a separate reference Rb cell, which formed sub-Doppler resonances providing precise frequency scaling in the studied spectral region of D 2 line hyperfine transitions. The saturated absorption signal was recorded simultaneously with the main studied signals (see below). To record the studied spectra, the frequency of laser radiation was linearly scanned within 5 seconds covering up to 6 GHz region around Rb atomic D 2 line, by means of triangular modulation of the laser diode injection current and/or voltage of piezo-element driving the diffraction grating of the laser external cavity. The control of diode laser frequency, as well as data recording and processing were done by a computer and a National Instruments USB-6211 DAQ card, using a virtual function generator and four-channel oscilloscope devices designed in NI Lab-VIEW environment. The interaction time of resonant laser radiation with atoms is an important parameter for our studies. Optical response of the atoms may substantially depend on condintions for the onset of steady state interaction in the processes of optical and "Zeeman" pumping, absorption saturation, and others. The interaction time can be affected by vapor density, scanning rate of laser radiation frequency, time of flight of atoms through the laser beam, etc. We have taken all the precautions to assure establishment of a steady state in present experiment. The atom-radiation interaction time in our case is imposed by the fly-through time for atoms traversing normally the laser beam (about 10 µs), which is yet sufficient for several hundreds of absorption/emission cycles. The resonant interaction time for an individual atom determined by laser radiation frequency scanning was surely longer (about 5 ms). Variation of the laser radiation intensity was done using calibrated attenuators (neutral density filters of NS series). Pinholes mounted along the path of optical radiation were used to form a spatially uniform exciting radiation beam, as well as to block stray radiation reflected from different optical components of the setup. Since the hyperfine splitting of 5P 3/2 level is less than non-uniform (Doppler) broadening with a full width at half-maximum about 500 MHz, only four spectrally-resolved transition groups are recorded: 87 Rb F = 2 −→ F = 1 2 3, 85 Rb F = 3 −→ F = 2 3 4,
85
Rb F = 2 −→ F = 1 2 3, and 87 Rb F = 1 −→ F = 0 1 2 (in order of increasing frequency). Each of these groups consists of three spectrally unresolved transitions. The spectral separation between the groups for each isotope (6.8 GHz for 87 Rb and 3 GHz for 85 Rb) is caused by a hyperfine splitting of the ground state 5S 1/2 (see Fig. 3 ). Radiation with orthogonal polarization seeded in atomic medium with "partial" population inversion can undergo amplification when propagating along the laser radiation beam (both in forward and backward directions). However, it should be noted that registration of a forward amplified radiation is problematic because of a strong background of the transmitted laser radiation (even after polarization discrimination), nonlinear rotation of polarization plane (Faraday effect) in a background magnetic field (including uncompensated ac component), and residual dichroism of the cell windows. That is why we have studied the backward (in respect to the incident laser beam) radiation to detect the amplified emission in the experiment. It is important to avoid as much as possible the birefringence of the windows of vapor cell and exclude contribution of radiation reflected from the windows (especially from the rear one). If these conditions are not fulfiled, spurious effects will significantly contribute to the recorded signal complicating interpretation of the obtained results. For this reason, we have used a cell with glass (isotropic) windows, the absence of birefringence was verified by placing the cell between carefully crossed good quality polarizers; the cell was placed under a small angle to the normal so that the radiation reflected from all the four surfaces of the windows were blocked by a pinhole. The measurements were carried out in two configurations. The basic configuration is the one depicted in Fig. 4 . The radiation passed through the cell was blocked (damped) to avoid any reflection. PD1 photodetector registered solely the radiation generated in backward direction, with the polarization orthogonal to the initial exciting laser radiation polarization. PD1 was placed far enough from the cell, covering very small solid angle in order to exclude a fluorescence contribution; it was also properly shielded against stray fluorescence from the main and reference cells. Simultaneously with the backward radiation signal, we recorded also the side fluorescence signal with orthogonal polarization (PD2), and saturated absorption signal (PD3). In the second configuration (not shown in Fig. 4) , a polarizer was mounted after the cell to block the transmitted laser polarization followed by a mirror, which reflected the polarization with orthogonal polarization strictly along the laser beam. Thus, PD1 recorded the double-passage (forward and backward) radiation initiated in the medium.
Experimental results and discussion
The expediency of the experiment with reflection of the radiation with orthogonal polarization passed through the cell is motivated by an expectation that this radiation, being initiated in the cell, can be amplified when propagating along the "feeding" laser beam, and two-fold increase of the optical path realized by reflection from a mirror can substantially enhance the recorded signal. Note that it would be more advisable to use a multi-passage resonator, but the latter is a more challenging task because of difficulties with spatial and polarization uncoupling of the amplified and laser radiations.
The preliminary measurements carried out in this configuration have shown that the signal recorded by PD1 photodetector strongly depends both on laser radiation intensity and (especially) on the B-field in the region of the cell. It was obvious that the recorded signal was essentially influenced by residual radiation on laser polarization reflected from the mirror (a resonant absorption rather than emission appeared in the signal spectrum at zero magnetic field; also saturated absorption-type sub-Doppler features inherent to counter-propagating beams were observed). On the other hand, a high sensitivity to magnetic field indicated the contribution of the nonlinear Faraday effect.
To verify the latter supposition, we have studied the dependence of spectrum recorded by PD1 photodetector on a longitudinal magnetic field (applied along the laser radiation). We found that the magnitude of a resonant signal for 300 mW/cm 2 laser radiation intensity increases steeply with the increase of a B-field to only 40 µT (nonlinear Faraday effect), followed by a sharp decrease and a slow monotonic increase up to maximum attainable 6 mT B-field (linear Faraday effect). The observed dependence is caused by unhampered reflection of a Faraday component with the orthogonal polarization, which prevails in the signal recorded by PD1.
Evidently, in this configuration of the experiment, when it was impossible to study the amplified emission, even after careful cancellation of the magnetic field, since the resonant absorption dominates over the studied radiation in the recorded signal because of imperfection of the polarizer used to block the laser polarization. Qualitatively similar results were obtained also in the case when the laser radiation was reflected from the rear window of the cell along the laser beam (without the mirror).
The regular measurements have been performed using the experimental arrangement and configuration shown in Fig. 4 . In this case we do exclude any hindering reflection, and PD1 records solely the resonant backward radiation with orthogonal polarization originating in the atomic vapor exposed to resonant linearly-polarized laser radiation. Note that, in contrast to the previous configuration, the population inversion process described in Section 2 is much more immune against weak magnetic fields.
The only concomitant process that can contribute to the recordrd signal is the resonance fluorescence of the vapor, which is in general unpolarized and isotropic (directed over 4π solid angle). In order to minimize the fluorescence contribution, PD1 photodetector with ∅1 cm aperture was placed sufficiently far (50 cm) from the cell (because of practically isotropic distribution of the fluorescence its signal drops fast with distance); moreover, the observation solid angle was additionally reduced to 2 4 × 10 −5 srad due to a ∅2 mm pinhole located before the cell. Finally, a blackened shield surrounding the photodetector reliably damped direct and stray fluorescence radiation from the main and reference cells.
Even taking all these precautions, one can not completely exclude the contribution of fluorescence to the detected signal. For complete elimination of this contribution we have used the second photodetector PD2, which recorded a direct side fluorescence signal on orthogonal polarization (see Fig. 4 ). Simultaneous registration of these two spectra (along with the third, reference signal of saturated absorption recorded by PD3) gives a possibility to study and reveal differences in the signals of amplified emission with population inversion and fluorescence, on laser radiation intensity, vapor density, and other experimental parameters. 5 presents spectra detected by PD1-PD3 photodetectors at zero magnetic field for the intensity of exciting laser radiation 300 mW/cm 2 . The spectra cover 87 Rb F = 2 −→ F = 1 2 3, 85 Rb F = 3 −→ F = 2 3 4, and 85 Rb F = 2 −→ F = 1 2 3 transition groups (from left to right, in order of frequency increase). One can see at first sight noticeable distinctions in spectra of PD1 and PD2 spectra. First, as one could expect, 85 Rb F = 2 −→ F = 1 2 3 transitions (as well as 87 Rb F = 1 −→ F = 0 1 2, which are not shown in the figure) do not contribute to the backward signal spectrum (the cycling transition of this group, F = 2 −→ F = 1 composes a Λ-system where inversion does not develop in contrast to V-system cycling transitions 87 Rb F = 2 −→ F = 3 and 85 Rb F = 3 −→ F = 4). Second, the ratio of 87 Rb F = 2 −→ F = 1 2 3 and 85 Rb F = 3 −→ F = 2 3 4 peaks, as well as lineshape, is not the same in PD1 and PD2 spectra. The overall slope of the backward radiation spectrum is caused by a weak dependence of laser radiation power on frequency, which becomes observable for a weak signal level. Spectra similar to those shown in Fig. 5 have been recorded also for 10 different values of exciting laser radiation intensity. Fig. 6 presents dependence of 87 Rb F = 2 −→ F = 1 2 3 and 85 Rb F = 3 −→ F = 2 3 4 resonant peak amplitudes in backward radiation and side fluorescence spectra on laser radiation intensity. From the graphs presented in Fig. 6 one can see different behavior of intensity dependences: fast increase with saturation tendency for the backward radiation, and typical monotonic decelerating growth for the side fluorescence. The distinction is seen especially for the region of exciting radiation intensity around 100 mW/cm 2 , indicating on different physical nature of the signals recorded by PD1 and PD2 photodetectors. The latter, in it's turn, argues that the backward radiation detected by PD1 is not a "pure" fluorescence signal.
To get an additional confirmation of this supposition, we have studied the influence of diameter of the pinhole placed before the front window of the cell (see Fig. 4 ) on the PD1 signal magnitude. Increasing the pinhole aperture to ∅5 mm, the signal magnitude remained practically invariable, while if it was caused by the fluorescence, we would record more than 6-fold increase.
Conclusions
Summarizing, evidences of the presence of population inversion in V-type atomic systems exhibited by initiation and amplification of backward-directed radiation with a polarization orthogonal to the exciting linear laser polarization, have been experimentally demonstrated. This evidence is proved by the following observations: i) presence in the backward radiation spectrum signals of V-type atomic cycling transitions and absence of Λ-type ones;
ii) different behavior of dependences of backward and fluorescence radiations on exciting radiation intensity;
iii) changed ratio of 87 Rb F = 2 −→ F = 3 and We have also analyzed the possible contribution from concomitant processes such as nonlinear Faraday effect; as well as stray fields and experimental imperfections on the studied process. The scope of this paper was limited to demonstration of experimental evidence of possibility to detect the amplified radiation originated by a "partial" population inversion, which develops from resonant interaction of a linearly-polarized laser radiation with an atomic V-type system. We will continue our studies, both theoretically (adequate modelling of all the involved processes including amplification and losses during the propagation along the laser beam), and experimentally (optimization of experimental parameters and model atomic objects, realization of resonator configuration, quantitative dependences on the main experimental parameters, etc.).
